The woodpecker does not suffer head/eye impact injuries while drumming on a tree trunk with high acceleration (more than 1000×g) and high frequency. The mechanism that protects the woodpecker's head has aroused the interest of ornithologists, biologists and scientists in the areas of mechanical engineering, material science and electronics engineering. This article reviews the literature on the biomechanisms and materials responsible for protecting the woodpecker from head impact injury and their applications in engineering and human protection. Traumatic brain injury as a consequence of head impact injury has been a leading cause of morbidity and death in war, aviation and road accidents and sports collisions [1] [2] [3] . However, the woodpecker repeatedly strikes its head against trees without suffering head injury when drumming a trunk continually at a speed of 6-7 m s 1 and acceleration of ~1000×g [4] [5] [6] [7] . The woodpecker rhythmically drums surfaces such as dead tree limbs and metal poles with its beak to catch worms to eat, attract a mate or announce its territorial boundaries [7, 8] . The woodpecker's resistance to head impact injury is a prime example of adaptive natural evolution over millions of years [9] , and has been of interest not only to ornithologists and biologists but also to researchers in the fields of mechanical engineering, medical engineering, material science and electronics engineering [4] [5] [6] [7] [10] [11] [12] [13] .
Traumatic brain injury as a consequence of head impact injury has been a leading cause of morbidity and death in war, aviation and road accidents and sports collisions [1] [2] [3] . However, the woodpecker repeatedly strikes its head against trees without suffering head injury when drumming a trunk continually at a speed of 6-7 m s 1 and acceleration of ~1000×g [4] [5] [6] [7] . The woodpecker rhythmically drums surfaces such as dead tree limbs and metal poles with its beak to catch worms to eat, attract a mate or announce its territorial boundaries [7, 8] . The woodpecker's resistance to head impact injury is a prime example of adaptive natural evolution over millions of years [9] , and has been of interest not only to ornithologists and biologists but also to researchers in the fields of mechanical engineering, medical engineering, material science and electronics engineering [4] [5] [6] [7] [10] [11] [12] [13] .
Researchers have explored the mechanism of how a woodpecker avoids head impact injury [4] [5] [6] 14, 15] and searched for clues that will help in developing a bionics shock-absorbing system or device for engineering purposes or human protection [10] [11] [12] [13] . This paper presents an overview of the biomechanism that prevents the woodpecker from suffering head impact injury and its applications.
Biomechanism of impact resistance in a woodpecker's head
The woodpecker is believed to have adapted to impact forces such that it can drum rapidly without suffering head impact injury [4] [5] [6] [7] [8] [16] [17] [18] [19] [20] [21] [22] . Classic ornithological, psychiatric and biomechanical studies suggested the following principal factors. First, it was suggested that the woodpecker made a per-fectly perpendicular strike to eliminate the torsional shear force that would tear the meninges or cause concussion [8, 14, 15, 20] . The ornithologist Sielmann found that the spotted woodpecker makes 35-44 strikes in 2.1-2.69 s, and the drumming is thus too fast to record using video at 24 frames per second [23] . May et al. [5] analyzed the drumming of a living pileated woodpecker (Dryocopus pileatus) using a high-speed camera (400 frames per second in color and 2000 frames per second in black and white) and found that the trajectories of the vertex and the center of the head were basically linear. The woodpecker's brain was virtually free of rotational forces that might result in injury when the woodpecker struck a trunk at a maximum pre-impact velocity of 749 cm s 1 and deceleration of 1200×g. However, a curved trajectory was observed using two synchronous high-speed cameras recording at 2000 frames per second when the great spotted woodpecker (Dendrocopos major) struck a sensor and metal cage (Photron Fastcam SA-3, San Jose, California, USA) in our previous study [6] . A related bird, the Eurasian hoopoe (Upupa epops), was also recorded pecking different objects such as foam, a metal cage, and a sensor, and it was found that both were linear and angular accelerations during pecking. The peak linear velocity and deceleration were significantly higher for the woodpecker than for the hoopoe whereas the peak angular velocity and deceleration were closer for the two birds [6] . Doubt was thus cast on the centripetal theory of a straight trajectory preventing brain injury. In addition, the Holbourn equation contains many assumptions. He thought that the rotational acceleration required to produce injury in brains with similar properties and shapes is inversely proportional to the two-thirds power of their mass [20] . It was developed for forces of relatively long duration (>6.5 ms) and does not apply to short impulse loading. It assumes that the crucial variable is the brain mass and that all brains have similar properties, shapes and cerebrospinal fluid flotation effects. There is considerable controversy related to the biomechanics of the effect of linear acceleration and angular acceleration on head impact injury [24] . Therefore, the linear trajectory of the woodpecker head should not be used as a basis for the biomechanism of the woodpecker's resistance to head impact injury. The unique anatomical structure of the woodpecker's head has been another important consideration. The woodpecker has special macromorphology such as strong neck muscles, a long hyoid bone, and a stout, sharply pointed and unequal upper/lower beak [10] . Earlier classic ornithological studies indicated that powerful protractor quadrati and protractor pterygoidei muscles form a muscular shock absorber or distributor by holding the beak with resilient rigidity [7, 16, 25] . A more detailed study on the woodpecker's drilling behavior without brain injury was that of May et al., who dissected the heads of two woodpeckers (Phloeoceastes guatemalensis) [4] . They observed special anatomical structures in the woodpecker's head including the stout sharply pointed beak that makes it easy for woodpeckers to drill holes in building a nest or searching for prey; a long tongue called the hyoid bone that originates from the dorsum of the maxilla, passes through the right nostril, and divides into two parts between the eyes, with the two parts then arching over the superior portion of the skull and around the occiput by passing on either side of the neck, coming forward through the lower mandible, and uniting as one again below the forehead; a narrow subdural space and little cerebrospinal fluid; and a relatively small and smooth brain specially oriented to provide larger contact areas within the skull. A quarter of a century later, Ivan Schwab, an ophthalmologist at the University of California, shared the 2006 Ig Noble Prize for ornithology with May, by raising wide interest in May's neglected work [26, 27] . Recently, the roles of the woodpecker's unique topology of the skull, special hyoid bone and little cerebrospinal liquid in decreasing shock stress have been quantified through numerical simulation. The fascinating hyoid bone has been thought to play the role of a safety belt in distributing the potential shearing force especially after impact [4, 6, 15, 26, 28] . The biomechanical effects of unequal upper/lower beak morphology (where the outer tissue layer covering the upper beak is 1.6 mm longer than that covering the lower beak, and the high-strength bone structure of the upper beak is about 1.2 mm shorter than that of the lower beak) have also been evaluated for woodpecker drumming [6] . Gibson proposed that the different orientation of the brain within the woodpecker's skull when compared with the orientation for the human might be the most important reason that brain injury is avoided at high-speed impact; the orientation of the brain in the woodpecker's skull increases the contact area between the brain and skull [19] . However, the overwhelming majority of birds have the same brain orientation within the skull as the woodpecker, and yet small birds can be knocked out by impacts that seem to be of the same order of magnitude as strikes made by the woodpecker; birds are commonly observed to tumble motionless and unconscious after flying head first into a window (although they pick themselves up and fly away later), which makes the woodpecker's resistance to head injury even more mysterious [5] .
Simple theory based on head morphology alone may be misleading. To clarify the protective biomechanism, the material properties and micromorphology of the woodpecker's special hyoid bone, cranial bone and beak have been studied from the point of view of material science [6, 14, 29] . The hyoid bone has unique strength and flexibility owing to its unique micro/nano hierarchical composite structures. It consists of a flexible cartilage and bone skeleton covered with a thin tissue layer having high strength and elasticity. At the interface between the cartilage-bone skeleton and the tissue layer, there is a hierarchical fiber connection [14] . Bone is one of the most frequently investigated biological materials, owing to its primary function of providing skeletal stability. Bone is susceptible to different local stimuli, from mechanical properties to environmental changes [30] . The microstructure of the skull and beak of the great spotted woodpecker, in terms of the bone volume/total volume ratio (BV/TV) means that relative percentage of bone within 3-D ROI (%), trabecular thickness (Tb.Th) that quantification of relative thickness of individual trabeculae within 3-D ROI (mm.), trabecular number (Tb.N) that quantification of relative number of individual trabeculae within 3-D ROI (1/mm), trabecular separation (Tb.Sp) that quantification of relative spacing between individual trabeculae within 3-D ROI (mm), structure model of index (SMI) that focus on quantification of relative shape of trabeculae from rod-like to plate-like, were investigated via micro-computed tomography [29] . In the case of the cranial bone, the SMI was lower and Tb.Th and Tb.N were higher for the woodpecker than for other birds. In the case of the beak, the SMI, Tb.N, and BMD were all higher and Tb.Th was lower for the woodpecker than for other birds. More plate-like trabecular bone and greater thickness, greater numbers, and closer spacing of trabeculae in the woodpecker cranial bone may lead to less deformation during drumming, which would decrease the stress on the brain. Conversely, the greater quantity of rod-like structures and thinner trabeculae of the woodpecker's beak may lead to larger deformation during drumming. As the impact forces are absorbed and distributed by the beak, their transmission to the brain would be reduced. These micro-parameters combine to produce quite similar ultimate strengths of the beaks of the woodpecker and other birds. This suggests that the mechanical properties are sensitive to the shape of individual trabeculae [31] . Samples with higher contents of organic matter experience greater material loss on ignition. Materials that contain more organic material are expected to exhibit greater flexibility under load [32, 33] . Both cranial bones had higher ignition losses than the beak bones, indicating that the proportions of bone mineral in the cranial bones were lower than those in the beak bones. The higher ignition loss in the beak bone of the woodpecker also implies that greater deformation may occur under impact stress. Thus, the applied impact stress could be partially absorbed by the beak bone and before transmission to the cranial bone. These distinctive mechanical properties, microstructure and composition of the woodpecker's cranial bone and beak provide excellent resistance to head impact injury at high speed and deceleration.
The above macro/micromorphology could work together to provide the woodpecker's impact resistance. These distinctive features provide excellent resistance to head impact injury at high speed and deceleration. The mechanical strength of bone is determined by the microstructure and the composition of the bone tissue [31, 34] . Compared with the case for other birds, the cranial bone of the woodpecker has higher ultimate strength and resistance to impact injury as a result of its unique microstructure, including more plate-like trabecular bone, greater thickness, greater numbers, and closer spacing of trabeculae, and a higher proportion of bone mineral. Under high stress, the cranial bone and beak of the woodpecker exhibit distinctive mechanical features, which are associated with differences in microstructure and composition.
Woodpecker-inspired shock-absorbing system or device
The shock absorption mechanism of the woodpecker's head has become a meaningful research topic in the area of engineering. Scientists are also keen to develop new woodpecker-inspired safety devices to protect people from impacts. Inspired by the ability of the woodpecker to drum without suffering head injury, new bionic systems and devices based on the momentum transfer mechanism of the woodpecker have been developed [10] [11] [12] [13] .
Many features of the woodpecker's anatomy are associated with its ability to drill holes in trees. The beak is a chisel-shaped high-strength bone covered with horny keratin. The beak is attached to the skull by powerful muscles that contract before impact [17] . The pelvic bones are wide, allowing the attachment of strong muscles to the legs and tail; the power of a woodpecker's strike must be derived from the muscles in the body. Video analysis of a red-headed woodpecker (M. erythrocephalus) showed momentum transfer along the neck. Additionally, the woodpecker's body moves with approximately sinusoidal motion, whereas the head moves with a more saw-tooth profile, reaching a higher velocity while striking, which suggests that the neck does not undergo a simple whiplash motion. Inspired by the nonlinear motion of the woodpecker's body as mentioned earlier, Vincent et al. [11] made a low-inertia lightweight hammer. The hammer was originally conceived for use in space exploration, where it has no net inertia until it comes into contact with an object, and even then the force delivered can be tuned. The bionic hammer thus has a number of advantages over conventional design that are based on the kinematics of the woodpecker. It could also be used where working space is at a premium, such as in dentistry or surgery, or in removing flash from castings.
Micro-vibrations of an environment include vibrations from the ground, the movement of instruments on a platform, and universal gravitational fluctuations. Vibrations in a frequency range from 1-100 Hz are generated by the movement of people, ventilation shafts, and even earthquakes [35] . As previously mentioned, the brain of the woodpecker can isolate vibrations well. When the woodpecker drums wood at high speed, its brain bears a blow that is 1000 times its own weight, without suffering damage. This ability is attributed to the special structure of the woodpecker's brain [7] . Inspired by the bionics mechanics and special organic texture of the woodpecker's brain, an active vibration isolation system using giant magnetostrictive actuators and air springs controlled by a neural network was developed by Mei et al. [10] . To isolate effectively the high-frequency vibrations received from the ground, a rubber layer was used to isolate vibrations passively between the pedestal of the micro-manufacturing platform and the ground. This layer corresponds to the cartilage and muscles in the outer meninges of the woodpecker's brain. Active vibration isolation was adopted to isolate vibrations between the micro-manufacturing platform and the pedestal. Air springs were used as elastic components, and corresponded to the interspaces between the outer meninges and the encephala of the woodpecker's brain. The actuator was made of strongly magnetostrictive material, and corresponds to the nerves and neural muscles linking the meninges and encephala. It was demonstrated in several vibration control experiments that the bionic vibration isolation system has good performance in response to floor disturbances. The active vibration isolation system was effective in isolating vibration disturbances of different frequencies transmitting from the pedestal, and could isolate low or ultra-low frequency vibrations, which are difficult to isolate with a passive vibration isolation system.
In recent years, there has been an increasing need for micro-machined electronic devices (MEDs) for military applications; micromachining technology is a powerful tool for miniaturization, low-power consumption and cost reduction [36, 37] . In military applications such as shock-recording systems and hard-target smart-fuse systems, MEDs are exposed to mechanical shocks that concentrate significant amounts of mechanical energy into small regions in a short period of time [38] [39] [40] . Direct exposure to mechanical shocks with amplitude ranging up to 60000×g and frequency exceeding 100 kHz causes structural damage to MEDs, in spite of their miniaturization. Mechanical excitations above 10 kHz also seriously deteriorate the linear operation of any spring-mass-type MED such as a sensor or actuator. Therefore, an effective method for isolating MEDs from transient high-frequency mechanical excitations is in strong demand and appears to be one of the most remarkable achievements in the design of MEDs [41] [42] [43] [44] . Biomimetically inspired from the spongy bone within a woodpecker's skull, Yoon et al. [12] presented woodpecker-inspired shock isolation with which to protect MEDs in high-g military applications accompanied by mechanical shock excitations to tens of thousands of g and to several hundred kilohertz. The biomimetically inspired shock isolation used a microgranular bed to protect MEDs. The shock phenomenon in the microgranular bed within a metal housing controls unwanted high-frequency mechanical excitations so that their adverse effects on the embedded MEDs are kept within an acceptable limit. Test results have verified that the woodpecker-inspired shock isolation is superior to conventional isolation using hard resin in terms of improving the shock survivability of MEDs. In the woodpecker-inspired shock isolation, the mechanical shocks transmitted to the MEDs are attenuated by kinetic energy absorption such as particle-to-particle collision and particle-to-particle or wall friction. Yoon et al. [13] then designed a new shock-absorbing system to protect commercial micro-machined devices from unwanted high-g accelerations with reference to the spongy bone in the skull of the woodpecker encompassed by the hyoid. The new shock-absorbing system consists of close-packed microglass within two metal enclosures and a viscoelastic layer fastened by steel bolts, and has been shown to remarkably improve g-force tolerance. In experimental characterizations using a 60-mm smoothbore air-gun, the bio-inspired shock-absorbing system had a failure rate of 0.7% for commercial micro-machined devices at 60000×g, whereas the conventional method of using hard resin had a failure rate of 26.4% [12, 13] .
Summary
Evolutionary optimization of the woodpecker's macro/ micromorphology has allowed the woodpecker to functionally adapt to its specific lifestyle. The woodpecker's head is a sophisticated shock absorption system employing cooperative mechanisms; i.e., no single factor is responsible for protecting the woodpecker's brain during drumming. The hyoid bone, the unequal upper/lower beak, the narrow subdural space and little cerebrospinal fluid, the relatively small and smooth brain, the dense yet spongy bone especially at the occiput, the orientation of the brain within the skull, and the lower ratio of brain weight to brain surface area give the woodpecker an advantage over the human when striking its head against a trunk [4, 5, 45] . Meanwhile, the powerful protractor quadrati and protractor pterygoidei muscles and the unequal lengths of the upper/lower beak provide a shock absorber and distributor that holds the bill in resilient rigidity [6, 7, 16, 17, 25] . Analyzing the results of previous studies, it is concluded that the woodpecker's shock absorption arrangement has a number of features. Woodpeckers are also considered a testament to the superiority of bioengineering design. Knowledge of the biomechanism of the woodpecker's ability to resist impact injury to the head and the material properties and distribution of the shock-absorbing spongy bone could be incorporated into the design of new safety helmets, sports products and other devices that need to be able to resist impact. In addition, better understanding of the biomechanism and materials would suggest new structures of shock-absorbing composite materials in engineering.
